The mechanism by which isoproterenol (ISO) prevents the prolongation of action potential duration (APD) and refractory period (RP) by the class III antiarrhythmic agent E-4031 was studied. E-4031 (1 ,uM) increased RP by 501% with no effect on contractile force in papillary muscles isolated from guinea pig heart. ISO (1 ,uM) Previously published as a preliminary report (Biophys J 1990;57:142a).
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The mechanism by which isoproterenol (ISO) prevents the prolongation of action potential duration (APD) and refractory period (RP) by the class III antiarrhythmic agent E-4031 was studied. E-4031 (1 ,uM) increased RP by 501% with no effect on contractile force in papillary muscles isolated from guinea pig heart. ISO (1 ,uM) Sudden cardiac death is believed to result primarily from ventricular fibrillation (VF), usually preceded by an episode of ventricular tachycardia (VT).' Most currently used antiarrhythmic drugs do not adequately protect the myocardium from such events. 2 In recent years much research has focused on the mechanisms underlying these malignant arrhythmias, and the current consensus is that they are caused by one (VT) or multiple (VF) self-sustaining reentrant circuits. 3 The most promising group of drugs for prevention of VT and VF are the class ILL antiarrhythmic agents. These drugs, exemplified by d-sotalol, prolong the refractory period (RP) of cardiac muscle and thereby reduce the risk of reentrant-based arrhythmias. 4 '0 Catecholamines shorten action potential duration (APD) and thereby decrease the RP of ventricular muscle. This effect is caused by a ,B-adrenoceptormediated increase in the magnitude of IK15-18 and a time-independent Cl-current,19 20 which acts to accelerate repolarization of the action potential. Thus, in guinea pig ventricle the potential exists that catecholamines could functionally antagonize the ability of the class III antiarrhythmic agents to prolong APD. In this study we have investigated the consequences and mechanisms of the interaction of a 18-adrenergicspecific agonist, isoproterenol (ISO), with the potent class III antiarrhythmic agent E-4031 in guinea pig papillary muscles and isolated ventricular cells.
Materials and Methods

Papillary Muscle Preparation
Papillary muscles were dissected from guinea pig hearts and placed in 20-ml organ baths containing a Krebs-Henseleit solution (pH 7.4, 37°C) of the following millimolar composition: NaCl 118, KCI 4.7, NaH2PO4 1.2, MgSO4 1.2, NaH2CO3 23, CaCl2 2.0, and glucose 11; and were continually gassed with 95%0 2-5% CO2. The tendonous end of each muscle was attached to an isometric force transducer, while the proximal end was impaled on a rigid stainless steel pin. Resting tension was adjusted to produce the maximum twitch tension for each muscle, followed by a 1.5-hour equilibration period. Muscles were stimulated with 1-msec electrical pulses applied by bipolar platinum electrodes at a voltage 30% greater than threshold. The muscles were paced at a constant rate of 1 pulse/sec, and the RP for each muscle was determined by a standard single premature pulse protocol. RP was defined as the minimum interpulse interval (in milliseconds) between a basal stimulus and a single premature stimulation that resulted in a measurable contractile response. A single premature stimulus was applied after 10-20 pulses at the basal rate (1 pulse/sec).
RP and isometric force were determined before and 8-10 minutes after addition of 1 ,M ISO or phenylephrine to the tissue baths. The Krebs-Henseleit solution contained ascorbic acid (0.2% wt/wt, pH readjusted to 7.4 with NaH2CO3) to retard oxidation of ISO that otherwise would occur during the 2-2.5 hours required for these experiments. Some of the tissues then were exposed to E-4031 at concentrations ranging from 0.1 to 10 ,M (in 0.5 -log molar steps) in the continued presence of ISO. The muscles were exposed to each concentration of E-4031 for 30 minutes before RP was redetermined. Isolation of Single Ventricular Cells Cells were isolated as described previously10 using a slightly modified method from that first described by Mitra and Morad.21 Guinea pig hearts were perfused in a retrograde manner at 10 ml/min with an oxygenated (100% 02), Ca2+-free HEPES-buffered solution of the following millimolar composition: NaCl 132, KCl 4.8, MgCl2 1.2, HEPES 10, and glucose 5 (pH 7.2, 37°C). After 5 minutes of perfusion with this solution, the heart was perfused with the same solution containing 300 units/ml of type II collagenase (Worthington Biochemical Corp., Freehold, N.J.) plus 0.5-1.0 units/ml type XIV protease (Sigma Chemical Co., St. Louis) for 8 minutes. Finally, the heart was perfused with HEPES-buffered solution containing 0.2 mM CaCl2 for an additional 5 minutes. The enzyme-digested heart was cut into small pieces, placed in 20 ml of HEPES-buffered solution containing 0.2 mM CaCl2, and shaken until single cells were dissociated from the tissue pieces. The cells then were filtered through 200-~m nylon mesh and resuspended in HEPES-buffered solution containing 1.8 mM CaCl2 at 24-26°C. Cells were used within 8 hours after isolation.
Measurement ofAction Potentials and Membrane Currents
The techniques used in this study were the same as in our previous study of the effects of E-4031 on delayed rectifier K' currents.10 Briefly, the suction microelectrode technique described by Giles and Shibata22 was used to measure currents in the isolated ventricular cells. Square-bore capillary tubing (Glass Company of America, Millville, N.J.) was used to make very small tipped microelectrodes that were filled with 1 M potassium gluconate and 50 mM KCI. These electrodes had resistances of 4-7 Mfl when filled with this solution. Perfusion of the cell by the pipette solution was minimized by maintaining constant negative pressure with a gas-tight syringe. 10, 22 Action potentials were elicited by 10-msec current pulses applied at a rate of 30 pulses/min. APD was measured at 90% repolarization (APD9O).
For the voltage-clamp experiments, Ca2+ currents were blocked by addition of 0.2 ,M nisoldipine to the bathing solution, and Na+ currents were voltageinactivated by maintaining the holding potential at -40 mV. The cells were superfused with the bathing solution at a constant rate of 1.5 ml/min while the temperature was maintained constant at 35°C. Cells were exposed for 2 minutes to 1 ,uM ISO and for 2 minutes to ISO plus 5 ,uM E-4031 before currents were recorded. Preliminary experiments showed that this was ample time to reach steady state with either treatment.
Cells were current-or voltage-clamped using a List EPC-7 amplifier (List-Electronic, Darmstadt, FRG). Series resistance was compensated 40-70%, and currents were low-pass filtered at 2 kHz before digitization using a microcomputer and PCLAMP software (Axon Instruments, Foster City, Calif.).
Data Analysis
All data are expressed as mean +SEM (n=number of cells or papillary muscles). In many of the figures the standard error bars are smaller than the symbols used for mean data and are not visible. When appropriate (papillary muscle data), tests of statistical significance were performed using a two-way analysis of variance (ANOVA).23 RS/ExPLORE (BBN Software Products Corp., Cambridge, Mass.) was used to perform a repeated measures analysis of the voltageclamp data. When differences between groups were detected, this analysis was followed by a nonsimultaneous multicomparison test (NMCT) of significance. A value ofp<0.05 was considered statistically significant. Curve fitting of data to Boltzmann distributions was performed using the Marquardt least-squares method of linear regression analysis.24
Materials
Isoproterenol HCl was prepared as a 1 mM stock solution in distilled water containing ascorbic acid (0.1%) and was stored on ice until used. 
Results
Isolated Papillary Muscles
The effects of E-4031 and ISO on the RP and force of contraction of isolated guinea pig papillary muscles are summarized in Figure 1 .
Refractory period. E-4031 significantly lengthened the RP of isolated guinea pig papillary muscles in a concentration-dependent manner, to a maximum of 50% at 1 ,M ( Figure 1A, Effects on instantaneous currents. Instantaneous current is composed of several components, including inward rectifier K' current, leak current, and a recently described Cl-current.19,20 Cells in which the instantaneous current did not increase during the control period (n=5) were analyzed for changes in this component of outward current caused by ISO.
The instantaneous currents measured for the three conditions (control, 1 ,uM ISO, and 1 .M ISO plus 5
,uM E-4031) are plotted in Figure 6A . ISO significantly increased this current component over the entire voltage range tested, and especially at positive potentials. Addition of E-4031 caused no further change. The instantaneous current enhanced by ISO ( Figure 6B ) rectified in the outward direction and by extrapolation of this data had a reversal potential of about -50 mV. In a separate set of experiments, the reversal potential of the ISO-induced instantaneous current was determined with a protocol that included pulses from +40 to -120 mV. The reversal potential of the ISO-induced instantaneous currents in these experiments was -52±5 mV (n=4).
Effects on tail currents. The effects of ISO and E-4031 on tail currents are plotted in Figure 7 . ISO significantly (NMCT, p<0.05) increased tail currents at potentials of -10 mV or greater. In contrast to the effects on time-dependent current, E-4031 decreased tail current amplitudes by an equal amount at potentials between 0 and +40 mV. This is seen more clearly in Figure 8 , in which the E-4031-sensitive tail current was normalized relative to its maximum (0.8 pA/pF) and was plotted as a function of test potential (V,). This relation was fitted by a Boltzmann distribution: test potential (mV) test potential (mV) FIGURE 7 . 
